We provide evidence of nanopatterning-induced bending of an ultrathin tensile strained silicon layer directly on oxide. This strained layer is achieved through the epitaxial growth of silicon on a Si 0.84 Ge 0.16 virtual substrate and subsequent transfer onto a SiO 2 -capped silicon substrate by combining hydrophilic wafer bonding and the ion-cut process. Using high resolution transmission electron microscopy, we found that the upper face of the strained silicon nanostructures fabricated from the obtained heterostructure using electron beam lithography and dry reactive ion etching displays a concave shape. This bending results from the free-surface-induced strain relaxation, which implies lattice out-of-plane expansion near the edges and concomitant contraction at the center. For a ∼110 nm × 400 nm × 20 nm nanostructure, the bending is associated with an angle of 1.5
Introduction
For more than three decades, the phenomenon of edge-induced stress and strain fields in semiconductor structures has been the subject of intensive investigations [1] [2] [3] [4] [5] [6] [7] [8] . It is now established that introducing discontinuities in strained semiconductor heterostructures induces a relaxation of the strain, the extent of which depends on the geometry, size, temperature and intrinsic properties of materials making up the thin film and the host substrate. This phenomenon has been exploited to fabricate and design a variety of semiconductor nanoscale systems and structures [9, 10] . Moreover, owing to the increasingly critical role of the strain as performance booster [11] , 3 Author to whom any correspondence should be addressed. recent developments in the fabrication and design of the next generations of nanoscale complementary metal-oxidesemiconductor (CMOS) devices have brought the phenomenon of edge-induced strain fields into the limelight [12] [13] [14] [15] [16] [17] [18] [19] . In fact, ensuring further development of these devices raises major challenges in terms of precise control during device processing of the amount, type and distribution of the strain in Si nanostructures. Establishing accurate and sensitive techniques to probe the strain on the nanoscale is an additional challenge facing strain nanoengineering.
In the current technology, the strain is locally engineered through the deposition of SiGe and SiC on specific active regions beside the channel in metal-oxide-semiconductor field-effect transistors (MOSFETs). The strains induced in this case are typically uniaxial. This method shows, however, a limited efficiency with technology scaling [20] . Moreover, these local strain engineering processes can hardly be applied for the emerging architectures such as FinFETs and gateall-around nanowire devices. In this landscape, building transistors directly from a globally strained Si material emerges as a potential alternative. This can be realized using tensile strained silicon-on-insulator substrates (SSOI), which combine strained Si and Si-on-insulator technologies and eliminate the difficulties associated with SiGe layers (high leakage current, Ge diffusion, and enhanced n-type dopant diffusion).
Recently, these characteristics were demonstrated to yield higher-performance fully depleted MOSFETs compatible with the 22 nm technology node [21] . Expectedly, nanoscale patterning-a crucial step in device processing-was found to induce partial and nonuniform relaxation of the strain in SSOI-based devices [12] [13] [14] [15] [16] [17] [18] [19] . Understanding this phenomenon is of paramount importance for a better control of the SSOI technology.
Based on systematic micro-Raman spectroscopy studies combined with three-dimensional (3D) finite element simulations, we recently presented a plausible mechanistic picture of the relaxation process in tensile SSOI nanostructures [17] . We suggested that the formation of free surfaces upon patterning triggers an inward displacement of the lattice near the newly formed edges. This displacement is accompanied by a strong distortion near the Si/oxide interface and a pronounced relaxation near the surface and edges. We also suggested that during this contraction the edges bend up and the central region bends down, making the patterned nanostructure concave. This remains, however, a speculative scenario due to the lack of precise information on the morphological properties of patterned SSOI nanostructures. In this paper, based on high resolution cross-sectional transmission electron microscopy analysis, we provide experimental evidence that supports the aforementioned relaxation-induced bending of a patterned SSOI nanostructure.
Experimental details
The material used in this study consists of 8 inch SSOI wafers with a biaxial tensile strain of ∼0.6% [17] . The wafers were fabricated by the epitaxial growth of ∼20 nm thick biaxially tensile strained Si layers on relaxed ∼500 nm thick Si 0.84 Ge 0.16 buffer layers grown on Si(001) by low-pressure chemical vapor deposition.
Subsequently, the obtained ultrathin strained Si layers were transferred onto Si host wafers using hydrophilic wafer bonding. The wafers were bonded by interfacial polymerization using a plasma-enhanced chemicalvapor-deposited SiO 2 intermediate layer. The transfer of the strained layer was achieved using the ion-cut process [22] followed by a selective chemical etching to remove the residual SiGe [17] . Ordered arrays of strained Si nanostructures were obtained using electron beam lithography and dry reactive ion etching (RIE). The RIE process was performed at a pressure of 6 mTorr using a mixture of SF 6 (100 sccm) and O 2 (5 sccm) with a rate of ∼2 nm s −1 at a temperature of −110
• C. Figure 1 (a) displays a representative scanning electron microscope image of the array of the investigated SSOI nanostructures having a width of ∼100-120 nm and a length of 400 nm. The morphology of the obtained nanostructure was investigated by cross-sectional transmission electron microscopy (XTEM) performed in a JEM 4010 transmission electron microscope operating at 400 kV. The probed specimens were prepared using the focused ion beam method. Post-patterning strain was analyzed by micro-Raman scattering spectroscopy in backscattering geometry using a LabRam HR800 UV spectrometer operating with a He-Cd ultraviolet (UV) laser line having a wavelength of 325 nm. The analytical procedure described in [23] was employed to evaluate the strain from the intrinsic Si-Si Raman shifts. are aligned along the 110 direction. Figure 1(c) shows the SiSi Raman peaks corresponding to the SSOI substrate (squares) and the patterned strained Si nanostructures (circles). We note that the Si-Si peak of the unpatterned film is centered at ∼515.9 cm −1 corresponding to an in-plane biaxial tensile strain of ∼0.6% (i.e., ε xx = ε yy = ∼0.6%). Expectedly, the patterning induces a relaxation as can be deduced from the ∼3 cm −1 upshift of the Si-Si mode of the patterned nanostructures with respect to the Si-Si mode of the initial SSOI substrate. This upshift indicates that the sum of postpatterning in-plane strain components (ε xx + ε yy ) has dropped to ∼0.47%. Additionally, we also note that the Si-Si mode of the SSOI nanostructures becomes broader possibly due to the inhomogeneous distribution of the strain upon patterning.
Results and discussion
More insights into the morphological properties of the investigated nanostructure were obtained through systematic high resolution XTEM (HRXTEM) analysis. Here one cannot exclude that an additional relaxation of the strain may occur during the thinning of the structures to be probed [24] . Figure 2 (a) displays a typical HRXTEM image of a ∼20 nm thick strained nanostructure. A close inspection shows that the edges of the nanostructure have actually moved up, whereas the center has moved inwards, making the nanostructure concave. This bending is clearly visible in the close-up image taken from the center of the nanostructure ( figure 2(b) ). The measured angle between the vertical atomic planes (220) at the edges along the transverse dimension is found to be 1.5
• . The observation of concave nanostructure stands in agreement with the speculative scenario of patterning-induced relaxation suggested earlier [17] . It is noteworthy, however, that no significant bending is observed at the interface with the oxide ( figure 2(b) ). Moreover, under our experimental conditions, no bending is detected along the longitudinal dimension. Note, however, that due to their negligible dimensions as compared to the underlying substrate, the bending of SSOI nanostructures cannot be described using the classical Stoney's formula [25] or related formulations developed for nanoscale thin films [26] , which assume a constant curvature in the bent structure. As demonstrated below, this assumption is not valid in the present case.
To elucidate this phenomenon of relaxation-induced bending of SSOI nanostructures, we performed detailed 3D finite element simulations of the strain distribution upon nanoscale patterning of ultrathin SSOI. The distribution of the post-patterning strain was calculated using a continuum mechanical approach assuming a dislocation-free monocrystalline Si lattice with orthotropic mechanical behavior. Here the material properties of the strained Si and the underlying SiO 2 were assumed to be anisotropic and isotropic, respectively. Both materials are considered linearly elastic in the calculations. The numerical calculations were performed using ANSYS V12.0 software. Figure 3(a) displays the calculated 3D map of the equivalent in-plane strain in a 120 nm × 400 nm × 20 nm SSOI nanostructure. As mentioned above, our simulations indicate that the Si/SiO 2 interface becomes highly strained and the edges are almost fully relaxed. Additionally, owing to the asymmetric shape of the investigated structure, the residual strain becomes partially uniaxial (i.e., the in-plane strain is no longer biisotropic). Lattice out-of-plane displacements resulting from this edge-induced relaxation were also calculated (figures 3(b) and (c)). From the 3D map of the calculated displacements ( figure 3(b) ), we note that the lattice near the corners presents the highest expansion, reaching a maximum value of ∼0.22 nm. The observed expansion near the edges is accompanied by a remarkable contraction of the lattice in the center of the patterned nanostructure, where negative displacements are obtained near the surface (∼-0.2 nm in the out-of-plane direction). The expansion near the edges and the concomitant contraction of the center result in the bending of the patterned nanostructure as can be clearly seen in the side view of the calculated displacement map ( figure 3(c) ). This figure demonstrates that the upper side of the strained nanostructure takes a concave shape, which is in a qualitative agreement with HRXTEM data (figure 2). In-plane lattice displacements were also computed (not shown). We found that no significant displacement takes place along the transverse direction (x axis). The calculated displacements in the in-plane directions were, however, found to be less negligible along the longitudinal direction (y axis). Figure 4 displays the cross-sectional distribution along x and y directions of the relative out-of-plane displacements and the corresponding curvature calculated at the surface of the patterned SSOI nanostructure using the center as a reference. The profiles show that the displacement of the edges relative to the center is ∼0.18 and ∼0.23 nm along x and y directions, respectively. We note, however, that the nanostructure is uniformly flat about 65 nm away from the edges in the y direction. This might explain the difficulties in observing the bending along this direction in our HRXTEM investigations. For the x direction, the out-of-plane displacements show a different behavior and appear to decrease monotonically from the edges towards the center. The calculated curvatures present nearly the same behavior as the corresponding out-of-plane displacements at a fixed direction. For the two in-plane directions, the curvature reaches its maximum value about 18 nm from the edges.
Conclusion
In summary, we have provided evidence of nanopatterninginduced bending of an ultrathin strained Si nanostructure directly on oxide. This bending results from free-surfaceinduced relaxation of the tensile strain, which provokes an upwards displacement of the edges parallel to an outof-plane contraction of the center leading to a strained nanostructure with a concave shape. Based on the continuum mechanical approach, this phenomenon was described using 3D calculations of lattice displacements induced by the relaxation of the strain in the SSOI nanostructure.
A comprehensive understanding of this nanoscale patteringinduced bending (and the relaxation in general) would require extensive experimental investigations using as variables the size, the shape, and the orientation of the nanostructures as well as the amount of the strain in the SSOI material. Also of significant importance are the mechanical properties of the underlying oxide. For instance, it is plausible that the viscosity of the oxide may be an influential parameter in the relaxation process. This can be tested through experiments in which the viscosity of the oxide can be manipulated. In principle, this can be achieved either by thermal annealing or by the manipulation of the stoichiometry of the oxide during the fabrication process. The precise control of this phenomenon of edge-induced strain redistribution would provide a rich playground for strain nanoengineering.
